in cell cycle progression, apoptosis, signal transduction, and pathogenesis (16, 58, 70) . Since the completion of the sequencing of the genome of the model fungal organism Saccharomyces cerevisiae, studies have identified the majority of genes and their enzyme products responsible for sphingolipid biosynthesis (21, 25) . Although there are still several hypothetical steps, the knowledge pertaining to sphingolipid metabolism in S. cerevisiae has created a working scheme of the probable biosynthetic pathway and has provided a blueprint with which to examine sphingolipid metabolism in other organisms. However, since research examining fungal sphingolipid biosynthesis has been conducted almost exclusively with S. cerevisiae, which is a nonpathogenic fungus, the biological functions of fungal sphingolipids in pathogenesis are relatively unknown.
This review summarizes the current understanding of the role of sphingolipid biosynthesis in the pathobiology of cryptococcosis, focusing on the production and functions of the antigenic glycosphingolipid (GSL) glucosylceramide (GlcCer) and its role in the host-pathogen interaction. In addition, the presence of GlcCer and structurally similar molecules present in other pathogens will be discussed and highlighted for their importance as potential therapeutic targets.
SPHINGOLIPID METABOLISM OF CRYPTOCOCCUS
With the completion of the sequencing of the C. neoformans genome (56) and the current knowledge of the sphingolipid metabolism of S. cerevisiae, researchers have all the initial tools necessary to identify potential genomic sequences encoding the genes regulating sphingolipid metabolism in C. neoformans. There are three fully sequenced strains of C. neoformans, one of which (JEC21) is annotated. tBLASTx searches of each of these databases with S. cerevisiae genes that encode enzymes involved in sphingolipid synthesis revealed that C. neoformans has genomic sequences with strong similarities after translation, suggesting the existence of a similar sphingolipid biosynthetic pathway (Table 1 ). Although only a few genes and enzymes of the sphingolipid biosynthesis pathway in C. neoformans have been identified and characterized experimentally, they are essential to virulence and pathogenicity (34, 36, 58, 75, 84) . In light of these findings, further elucidation of the sphingolipid metabolism of C. neoformans could provide new and better pharmacological targets. To further highlight the explicit differences between mammalian and fungal sphingolipid enzymes and pathways, Table 2 Fig. 1 can be seen in detail in Fig. 2 and 3 . In the initial step, serine palmitoyltransferase catalyzes the condensation of serine and palmitoyl coenzyme A to form 3-ketodihydrosphingosine. The ketone group of this molecule is then rapidly reduced in an NADPH-dependent manner, yielding dihydrosphingosine (dhSph). The molecule 3-ketodihydrosphingosine is not detected by standard methods (e.g., thin-layer chromatography or high-performance liquid chromatography) or more advanced methods (e.g., mass spectrometry) for measuring sphingolipids, and it is likely an intermediate. Therefore, dhSph is arguably the simplest biologically relevant sphingolipid (5) .
dhSph can be converted to phytosphingosine (PhytoSph) by hydroxylation of the 4th carbon of the backbone. PhytoSph is found abundantly in yeast, but its distribution in mammals is limited to the skin epidermis (25, 81) . In yeast and fungal cells, dhSph and PhytoSph are commonly referred to as sphingoid bases, because all complex sphingolipids created de novo are derived from these molecules. These sphingoid bases can be phosphorylated, forming dhSph-1-phosphate and PhytoSph-1-phosphate, or acylated by different fatty acids (saturated, unsaturated, or hydroxylated) at their amine group to produce dihydroceramide (dhCer) and phytoceramide (PhytoCer), respectively.
Divergence between the sphingolipid synthetic pathways in mammals and analogous pathways in fungi occurs with the utilization of dhSph and following the production of dhCer. In fungi and plants, as exemplified in S. cerevisiae, N acylation of PhytoSph occurs to form PhytoCer. Additionally, C-4 hydroxylation of dhCer may also form PhytoCer. Currently, it is not known which molecule serves as the primary substrate from which PhytoCer is formed. As stated above, PhytoSph is uncommon in mammalian cells. To date, PhytoCer has been isolated only from cells comprising the skin and intestine. In mammalian cells, the C-4-C-5 bond of dhCer is reduced to the 4,5 trans-double bond of ceramide (Cer).
The synthesis of complex sphingolipids occurs via modification of the primary hydroxyl group of Cer. Mammals utilize Cer as the substrate to produce more-complex sphingolipids, such as sphingomyelin. In contrast, fungi and plants use mainly the primary hydroxyl group of PhytoCer to create complex sphingolipids, such as inositol phosphoryl PhytoCer (IPC) and its mannosylated forms. However, in some fungi, there are two different and apparently distinct populations of complex sphingolipids. As stated above, the first population includes the inositol-containing GSLs such as IPC and its mannosylated forms. These molecules are built on PhytoCer containing an N-acyl chain composed mainly of 24 to 26 carbons, considered very long chain fatty acids (VLCFA) (31, 79) . The essential C. neoformans gene encoding inositol phosphorylceramide synthase 1 (Ipc1) is present in several pathogenic fungi (33) . Ipc1 synthesizes IPC and diacylglycerol (DAG) by transferring inositol phosphate from phosphatidylinositol (PI) to PhytoCer. In C. neoformans, Ipc1 governs melanogenesis through the generation of DAG, a physiological activator of protein kinase C1 (Pkc1) in C. neoformans, and the Ipc1-DAG-Pkc1 pathway regulates the localization and activity of laccase, the enzyme responsible for melanin production (34, 58) . Also, the production of DAG by Ipc1 has been shown to regulate the transcription of the gene encoding the antiphagocytic protein 1 (App1) (57) through the activating transcription factor 2 (Atf2) (61) .
Inositol phosphosphingolipid-phospholipase C 1 (Isc1) metabolizes the reverse reaction of Ipc1, producing PhytoCer and releasing PI (80) . The gene encoding Isc1 was identified in the C. neoformans var. grubii serotype A strain H99 (84). Shea et al. found that deletion of ISC1 produced a strain (⌬isc1) with significantly attenuated virulence, most likely resulting from its decreased dissemination to the brain (84). Isc1 was found to 
Not present
a This comprehensive, but not exclusive, table lists the enzymes regulating sphingolipid biosynthesis and presents the respective genes encoding each of these products. Genes categorized as "not identified" are suspected to exist, due to the presence of a sphingolipid species or a downstream metabolite(s) requiring an intermediate. A gene is considered "not present" if, to date, there is no evidence of the sphingolipid existing in that class of organisms.
b SPT, serine palmitoyltransferase; CDase, ceramidase; Gcs1, glucosylceramide synthase 1; GCdase, glucosylceramidase; SBK, sphingoid base kinase; SBPP, sphingoid base phosphate phosphatase; SBPL, sphingoid base phosphate lyase; SMase, sphingomyelinase; SMS, sphingomyelin synthase.
c SPTLC1 and -2, serine palmitoyltransferase long-chain base subunits 1 and 2; FVT-1, follicular lymphoma variant translocation gene; LASS1 to LASS6, longevity assurance genes 1 to 6; ASAH1 to -3, N-acylsphingosine amidohydrolase 1 to 3 genes; DEGS1 and -2, degenerative spermatocyte homolog 1 and 2 genes; UGCG, UDP-glucose ceramide glucosyltransferase gene; GBA and GBA2, acid ␤-glucosidase and acid ␤-glucosidase-2 genes; SPHK1 and -2, sphingosine kinase 1 and 2 genes; SGPP1, sphingosine-1-phosphate phosphatase 1 gene; SGPL1, sphingosine-1-phosphate lyase 1 gene; SMPD1 to -3, sphingomyelin phosphodiesterase 1 to 3 genes; ASM, acid sphingomyelinase gene; ENPP7, ectonucleotide pyrophosphatase/phosphodiesterase 7 gene; CERK, ceramide kinase gene. (41, 43, 68, 97) . The second population of GSLs in fungi is made up of specific galactosylceramides (GalCer's) and GlcCer's, commonly called cerebrosides. The structure, function, and location of GlcCer and its role in pathogenesis and host immune system modulation are discussed in the next section. In Fig. 2  and 3 we illustrate the main chemical structures of sphingolipids present in fungi.
GlcCer SYNTHESIS AND FUNCTION IN FUNGI
GlcCer's are present in protozoans, plants, fungi, and mammalian cells. As mentioned above, the model fungal system S. cerevisiae does not synthesize GlcCer, so knowledge pertaining to the synthesis and biological function(s) of GlcCer in pathogenic fungi is limited. This section will address the structure of fungal GlcCer and the knowledge to date of GlcCer location and function in pathogenic fungi.
In C. neoformans, GlcCer has a modified sphingosine backbone, containing a ⌬4 double bond in trans conformation, a ⌬8 double bond, and a methyl substituent on C-9 (Fig. 3) . Whereas the trans conformation of the 4,5 double bond has been determined (54) and was found to be essential for the maintenance of transmembrane asymmetry of GalCer (59), we determined by nuclear magnetic resonance the conformation of the 8,9 double bond of the sphingosine backbone found in C. neoformans GlcCer. Details of the double-bond conformation analysis can be found in Fig. S1 in the supplemental material.
Also, the fatty acid substituents in the GlcCer are long-chain fatty acids (LCFA), usually between 16 and 18 carbons long (93) (94) (95) 100) (Fig. 3) . This is in contrast to the 24-to 26-carbon chain length present in the IPC-derived GSLs (Fig. 2) . There has been speculation as to how these selective fatty acid lengths FIG. 1. Hypothetical scheme of the sphingolipid biosynthetic pathway in C. neoformans. Sphingolipid molecules are boldfaced, and enzymes are italicized. Question marks indicate enzymes or activities that have not been identified or observed. Hydroxyl groups in parentheses indicate that this group may be absent, creating the corresponding nonhydroxylated form. SPT, serine palmitoyltransferase; SBK, sphingoid base kinase; P, phosphate; SBPP, sphingoid base phosphate phosphatase; SBPL, sphingoid base phosphate lyase; Cer, ceramide; Cdase, ceramidase; des, desaturase; Gcs1, glucosylceramide synthase; GCdase, glucosylceramidase; MIPC, mannosyl-inositol phosphorylceramide; M(IP) 2 for different GSLs are maintained. One possible way would be if the synthesizing enzymes show specificity for a particular chain length. Another hypothesis is that compartmentalization of substrates or enzymes leads to the observed differences in substituent chain length. Studies have shown that transgenic GlcCer synthase (GCS) genes from a variety of fungi expressed in a GCS-null mutant of Pichia pastoris resulted in the production of GlcCer featuring both LCFA and VLCFA (48) . This suggests that the observed difference is likely due to compartmentalization and is not a result of enzyme specificity. Focusing on the fungal GlcCer, the structure of this molecule in fungi is fairly conserved across species, as opposed to that in plants. The general structure (Fig. 3) is that of a modified Cer (with the aforementioned backbone features) substituted at the primary carbon hydroxyl group with a ␤-D-glucose moiety. As mentioned, the N-acyl chain is between 16 and 18 carbons long and is hydroxylated at the ␣-carbon. The full name of the most abundant species of GlcCer in C. neoformans (75, 100) . The main difference between the C. neoformans GlcCer and GlcCer species from different fungi is the presence or absence of the ⌬3-double bond on the fatty acid (100). In C. neoformans, the major species of GlcCer is known as 18:0 GlcCer (51, 77, 100) . Another difference between some species of fungi is the presence of ␣-hydroxylation on the fatty acid side chain.
The biosynthesis of GlcCer in fungi and specifically in C. neoformans is still under investigation. As mentioned above, there are C. neoformans genes that show high homology to the sphingolipid-synthesizing enzymes characterized for S. cerevisiae. Since S. cerevisiae does not synthesize GlcCer, finding these synthetic genes in the model fungal species was impossible. Thus, fungal GCS genes were identified by their similarity to mammalian GCS. Notably, Candida albicans, P. pastoris (48) , C. neoformans (75, 77) , Aspergillus fumigatus (9, 50), Histoplasma capsulatum (95) , Paracoccidioides brasiliensis (87), and Sporothrix schenckii (92) (75) . The significance of these major and minor proportions has yet to be determined, but it does indicate that there is flexibility in the enzyme's substrate specificity in vivo. The mechanisms by which these proportions are maintained are also unknown.
The particular species of Cer used by Gcs1 as substrates are quite interesting because they are not found in mammalian cells and thus are fungus specific. The genes involved in the formation of this Cer are ⌬4-desaturase, ⌬8-desaturase, and the C9-methyltransferase. These enzymes are not found in S. cerevisiae, but a putative ⌬4-desaturase is found in C. albicans (48, 89, 100) . The C. albicans ⌬4-desaturase (100) was found to have significant homology to a gene on chromosome 1 of each of the three sequenced C. neoformans strains. Similarly, the C. albicans ⌬8-desaturase gene showed significant homology to a gene on chromosome 2 of all three C. neoformans strains sequenced to date ( Table 1 ). The putative homolog of the sphingolipid C9-methyltransferase has been identified in C. neoformans as a ϳ1.7-kb fragment on chromosome 3, piece 23, of the H99 genome (M. Del Poeta, unpublished data) ( The presence of GlcCer products with the backbone ⌬4-desaturation alone, both ⌬4-and ⌬8-desaturations, and the ⌬4-and ⌬8-desaturations with the methyl group on C-9 suggested the order of biochemical steps outlined in Fig. 3 . Furthermore, a sphingolipid C9-methyltransferase responsible for backbone methylation was found in a variety of fungi and deleted in P. pastoris (90) . This enzyme was shown to use ⌬4, ⌬8-desaturated Cer and S-adenosylmethionine as substrates (90), as proposed by Leipelt et al. (48) . As mentioned above, Gcs1 mainly produced GlcCer with the ␣-hydroxylation of the N-acyl chain. In the previous reviews discussing the synthesis of GlcCer in fungi, N-acyl hydroxylation was proposed to occur in either the modified Cer (48) or the dhCer (100). Though previous studies have suggested that ceramides, not fatty acids, are the substrates for these fatty acid ␣-hydroxylases (41), other recent studies have suggested that some mammalian hydroxylases (fatty acid 2-hydroxylase [FA2H]) use fatty acids as substrates prior to their incorporation into GSLs (1) . Homology exists between the mammalian FA2H gene and the C. neoformans genes in strains B3501 and H99 (Table 1 ), but it is not clear whether these represent analogous enzymes. Further study will be necessary to determine if the hydroxylation occurs on the N-acyl chain of dhCer or of modified Cer or on free fatty acid(s). On the other hand, these studies allowed the creation of a working model for the GlcCer synthesis pathway that is applicable to fungi in general and to C. neoformans specifically (Fig. 1) . The only major variations seen in these structures within fungi are those mentioned above with regard to acyl chain hydroxylation and desaturation.
FUNCTION AND LOCALIZATION OF GlcCer IN C. NEOFORMANS AND OTHER FUNGI
Using clinically isolated human anti-GlcCer antibodies in immunofluorescence studies, C. neoformans GlcCer has been shown to be cell wall associated (77, 96) and appears to concentrate at the site of budding daughter cells during cell division (96) . This observation is supported by recent studies in which the cell cycle of C. neoformans ⌬gcs1 cells is arrested at the S phase under certain growing conditions (75) . Since budding in yeast cells starts in S phase and concludes in G 2 , the localization of GlcCer at the budding site may be important to conclude the cell cycle and specifically for moving from S to G 2 phase. More recently, GlcCer has been identified in extracellular vesicles that are apparently secreted through the cell wall (76) , and the extracellular localization may explain its antigenic property. Interestingly, GlcCer vesicles containing the antigen polysaccharide glucuronoxylomannan (GXM), which is the principal constituent of the capsule, are transported outside the cell. The function of GlcCer in fungi is still a topic of discussion and research, since few roles of this molecule have been confirmed. One major pattern that was recognized by Saito et al. (78) was the presence of GlcCer in fungi that are characterized as more tolerant to alkaline conditions. In their study, 90 different fungal strains were divided into those that contain GlcCer and those that do not. The strains containing GlcCer grew at a higher average pH, and many of them were determined to have GCS-like genes. A GCS deletion mutant of Kluyveromyces lactis grew at a much lower pH than the wildtype strain. The GCS knockout mutant of C. neoformans (⌬gcs1) created by Rittershaus et al. (75) was also found to be intolerant of a neutral/alkaline pH of 7.4 under 5% CO 2 . The mechanism by which this intolerance occurs is currently under investigation.
Studies addressing GlcCer function in fungi have found other recurring patterns of involvement, such as cell cycle progression and differentiation. For instance, anti-GlcCer antibodies prevented germ tube formation in Pseudallescheria boydii but did not prevent the growth of previously existing germ tubes (50, 74) . In two different species of Aspergillus, inhibitor-based disruption of the GlcCer synthesis pathway resulted in defects in the cell cycle, the formation of hyphae, and spore germination (50) . The ⌬gcs1 cells are arrested at the S and G 2 /M stages of the cell cycle, suggesting a role for GlcCer in exiting these stages (75) . The ⌬gcs1 strain of C. neoformans is an interesting example of how the function of GlcCer in fungi can be related to pathogenesis. In contrast to wild-type and reconstituted strains, the C. neoformans ⌬gcs1 strain did not progress to lethal meningoencephalitis and appeared to be contained in granulomas in the alveolar spaces (75) . Furthermore, the conditions under which the ⌬gcs1 strain shows impaired growth (pH 7.4, 5% CO 2 ) are clinically relevant because they are the conditions present in the host lung environment.
As described above, the pathway by which C. neoformans and other pathogenic fungi synthesize important GSLs such as GlcCer is becoming clearer with each new experiment. The relevance and importance of studying these steps are demonstrated by the finding that the lack of GCS function in this human pathogen leads to an avirulent strain. Several of these steps exist solely in fungi, making them ideal potential targets for human therapy.
IMMUNOGENICITY OF GSLs IN OTHER ORGANISMS
The immunogenicity of GSLs has been demonstrated in a variety of infection-related clinical conditions. General indications that GSL can have significant effects on the host immune system were seen in experiments where these compounds were given exogenously. For instance, ␣-GalCer, originally extracted from the marine sponge Agelas mauritianus, has been found to possess antitumor activity (43) and reduces graft-versus-host disease when administered to mice (64) . Also, in murine models, administration of ␣-GalCer shows stage-specific antimalarial activity (20) . The intraperitoneal administration of ␤-GlcCer to mice reduced colitis and suppressed the growth of a hepatocellular carcinoma by increasing the Th2 and Th1 responses, respectively (106) . An analog of GalCer containing a truncated sphingosine chain has been shown to inhibit experimental autoimmune encephalomyelitis (63) and collagen-induced arthritis (17) by a mechanism involving NK cells and the production of Th2 cytokines (17, 63) .
Since GSLs have been found in several kingdoms and phyla including sponges, amphibians, plants, mammals, fungi, bacteria, and protozoa (88), the presence of these lipids has raised VOL. 6, 2007 MINIREVIEWS 1721
on September 7, 2017 by guest http://ec.asm.org/ questions about their involvement in infectious processes. To limit our discussion in this review, we will focus on bacterial, protozoal, and fungal GSLs and their immunomodulatory role in the host.
BACTERIAL GSL
Although GSLs are found in many organisms, little is known about bacterial sphingolipids. Gram-negative bacteria have lipopolysaccharide (LPS) in their outer membranes, which serves as a potent endotoxin that elicits a variety of host immune responses. Sphingomonas species, however, lack LPS and instead contain these immunogenic GSLs (39, 40) . Sphingomonas species are found in soil, on plants, and as biofilms in water (44) . They have been implicated in several infections including intravascular catheter-related bacteremia, urinary tract infections, and primary biliary tract infections (38, 82) .
Many scientists have addressed the significance of substitution of LPS with GSLs as a possible immune system stimulator. Despite the lack of LPS, Sphingomonas species are able to activate complement and to stimulate NK cell proliferation and production of gamma interferon, tumor necrosis factor, interleukin-6 (IL-6), and IL-1 (45, 62, 66) . Moreover, mouse and human NK cells have been shown to recognize GSL from Sphingomonas, marked by the production of IL-2. NK celldeficient mice show delayed clearance of Sphingomonas compared to that by immunocompetent mice (42, 62) , emphasizing the possible role of NK cells in controlling the infection, possibly via GSL.
Structurally speaking, the sphingoid base and the fatty acid chain in all Sphingomonas species are well conserved. The sphingoid backbones of these bacterial GSLs contain dhSph's between 18 and 21 carbons long, while the length of the fatty acid chain may vary from 14 to 16 carbons and it is almost always ␣-hydroxylated (103) . Variation occurs in the degrees of unsaturation and substitution of the sphingoid base. The sugar moiety is attached to the primary carbon of the base and may be either ␣-glucuronic acid or (less commonly) ␣-galacturonic acid (103) . Methylation and reduction of the carboxyl group did not influence complement activation, suggesting that the negative charge might not be necessary for exerting its effect (66) .
While glycosyltransferases are implicated in the biosynthesis of bacterial GSLs, none have been characterized to date. A putative GCS gene was found in Synechocystis species, but it did not lead to the production of GlcCer when expressed in a P. pastoris mutant lacking the GCS gene (48) . Putative GCS genes have been found in Agrobacterium tumefaciens and Mesorhizobium loti, but when they were expressed in P. pastoris, the preferred sugar donor was UDP-Gal and the preferred acceptor was DAG (37) . This suggests that these genes may not qualify as GCSs despite the homology, or they may not have the same substrate specificity as the fungal enzymes.
Another interesting finding linking bacterial GSLs to the host immune system involves the autoimmune diseases Guillain-Barré syndrome and miller fisher syndrome. Campylobacter jejuni has lipooligosaccharides that resemble mammalian gangliosides (complex GSLs) (30, 104, 105) . Upon C. jejuni infection, the host produces anti-lipooligosaccharide antibodies that can cross-react with mammalian gangliosides, causing autoimmune neurological damage (30, 105) .
PARASITIC AND PROTOZOAL GSL
Some parasites contain GSLs that have been shown to affect the host immune system as well. Antibodies to GSLs extracted from Leishmania mexicana and Leishmania braziliensis have been identified in patients with localized and diffuse cutaneous leishmaniasis, as well as in patients infected with Trypanosoma cruzi or Trypanosoma rangeli (3). Many Trypanosoma species contain neutral GSLs (97) . Patients with central nervous system involvement during trypanosomiasis have been shown to have antibodies to galactocerebrosides in the cerebrospinal fluid that react with bovine galactocerebrosides (19) . As in C. jejuni infection, in trypanosomiasis caused by Trypanosoma brucei, it has been suggested that anti-galactocerebroside antibodies cross-react with their mammalian counterparts (19) . Furthermore, sera from patients infected with T. cruzi react with GSLs as well, although the specificity of those antibodies seems quite diverse (9) .
GSLs including GlcCer from Ascaris suum have also shown significant immunomodulatory properties such as inhibition of B-cell proliferation by increasing apoptosis and altering cytokine production in vitro (23, 55) . Interestingly, ganglioside presence in Entamoeba histolytica has been associated with possible antibodies found in patients with amoebiasis (85) . It is also important that GSLs have been found in Plasmodium falciparum, and new therapy involves targeting GCS as antimalarial therapy, which has been shown to inhibit the growth of this intracellular protozoan in vitro (29, 73) .
FUNGAL GSL
Fungal GSL synthesis has been reviewed in greater detail than the bacterial GSL pathway. Valuable reviews by Rodrigues and colleagues and by Warnecke and Heinz identify several fungi that have been found to synthesize Cer monohexosides (4, 67, 100) . Although most fungi produce GlcCer, only a few produce GalCer. Interestingly, GalCer, not GlcCer, is found in S. cerevisiae, making that organism an inadequate model for the study of fungal GSL metabolism (100) .
The clinical significance of fungal GlcCer was suggested when Rodrigues et al. detected immunoglobulin G1 (IgG1) antibodies to GlcCer in patients suffering from cryptococcosis, aspergillosis, histoplasmosis, paracoccidioidomycosis, and chromoblastomycosis (77) . These human antibodies were able to inhibit C. neoformans growth and budding (77) . A recent publication showed antibodies to acidic complex GSLs during paracoccidioidomycosis (8) . Patients undergoing treatment for paracoccidioidomycosis showed first an IgM response and then IgG1, and some even had IgA and IgE production (8) . Only 1 of 6 patients with invasive candidiasis and 2 of 14 patients with aspergillosis were found to have antibodies to glycosylinositolphosphorylceramide antigens (8) . Although the role of these antibodies during infection is still under investigation, their presence supports the idea of an immunomodulatory role for GSLs.
CLINICAL RELEVANCE AND NEED FOR IMPROVED THERAPY
As mentioned, C. neoformans is a significant human pathogen that is often considered in the context of patients suffering from human immunodeficiency virus/AIDS. Although this is a significant problem in the United States and more so in underdeveloped countries, cryptococcosis is also a concern for many other patient populations. Individuals undergoing organ transplantation, corticosteroid treatment, or chemotherapy and patients with hematologic malignancies constitute other high-risk groups with varying degrees of susceptibility. Although C. neoformans is of little concern to immunocompetent individuals, the outbreak on Vancouver Island, where patients with functional immune systems were diagnosed with cryptococcosis (51), offers a disturbing glimpse into the possibilities of future outbreaks outside of previously defined risk groups.
CURRENT THERAPIES
Current treatments for cryptococcosis do little to alleviate these fears. The first line of treatment for pulmonary cryptococcosis is oral fluconazole. For a diagnosis of cryptococcal meningitis, amphotericin B with or without 5-flucytosine is the standard treatment (13) . The problem lies in the length of treatment and the significant side effects of current antifungal treatments. Often, these treatments will continue during a treatment phase of about 10 weeks, while maintenance therapy can last 1 to 2 years or more (13) . Side effects from these treatments include but are not limited to kidney failure, anemia, vomiting, shock, fever, electrolyte imbalances, hypotension/cardiac arrest (for amphotericin B, reviewed in reference 49), rash, diarrhea (for fluconazole, reviewed in reference 101), respiratory arrest, gastrointestinal hemorrhage, neuropathy, and allergic reactions (for 5-flucytosine, reviewed in reference 99). Even after these dose-limiting side effects, cryptococcosis continues to have a relatively poor prognosis and significant mortality rate (13) . The need for more effective, palatable, and specific treatments is clear. Due to the multiple differences in mammalian and fungal sphingolipid pathways and their role in fungal pathogenesis, the enzymes involved may represent excellent targets for future drug therapies.
ENDOGENOUS ANTI-GlcCer ANTIBODY RESPONSE
Patients affected by cryptococcosis produce antibodies against GlcCer. Infection with C. neoformans elicits many different immune responses. Perhaps the best-characterized antibody response is that to the major capsular polysaccharide GXM (10, 28, 98) . Some of these antibodies have been shown to augment current therapies, including fluconazole (65) and 5-flucytosine (28) . The role of these antibodies in clearing infection varies, but their efficacy is affected by Th1 and Th2 cytokines (6, 27) and their presence is generally considered to have a more favorable prognosis (13, 24, 77) .
The mechanism by which the host immune system is initially exposed to GlcCer is still unknown. The study by Rodrigues et al. (76) showed vesicles containing GXM being trafficked through the cell wall to the extracellular space. These vesicles were also found to contain GlcCer, and this remains one of the possible points during cryptococcal infection where the host immune system is exposed to this molecule. The epitope of these anti-GlcCer antibodies would also be an interesting point of study. The fact that there has been no documented autoimmune disorder from cross-reactivity of anti-cryptococcal GlcCer antibodies with human GlcCer may indicate that the portion recognized by the host immune system is one of the modifications unique to fungi. However, it is still unknown if antibodies against GlcCer do cross-react with mammalian GlcCer containing hydroxylated fatty acids. In mammalian nervous systems, ␣-hydroxylated GalCer's are an important component of myelin sheaths (1, 18, 60, 86) . Anti-cryptococcal GlcCer antibodies have not been shown to cross-react with ␣-hydroxylated GalCer's; however, if this cross-reactivity does occur, it may contribute to the development of the neurological manifestations of cryptococcosis. As for future clinical applications, studies would need to be conducted to assess the potential for these anti-GlcCer antibodies to be used as diagnostic or prognostic indicators, or perhaps to chart the efficacy of other antifungal treatments. Currently, anti-GXM antibodies are being examined for their potential for passive immunization (71) . The effect of anti-GlcCer antibodies on mammalian GSLs would need to be assessed before determining their effectiveness as intravenous Ig therapy or passive immunization. Additionally, there exist the same logistic concerns as for other intravenous Ig therapies, including half-life and adverse reactions to foreign antibodies. Given the hypothesis that the antibody would be helpful in preventing C. neoformans from leaving the lung, the idea of an aerosolized antibody should be explored.
POTENTIAL THERAPIES TARGETING GCS OR GlcCer
Since GlcCer is required for C. neoformans to cause infection when entering via the respiratory tract, it is hypothesized that the administration of a fungal GCS inhibitor would be effective as a preventive and/or perhaps a therapeutic agent. Although there are molecules and compounds that inhibit the mammalian GCS enzyme (83), these compounds do not inhibit the fungal enzyme (Del Poeta, unpublished), perhaps because the fungal enzyme has a substrate specificity different from that of the mammalian enzyme (75) . These results suggest that the enzymatic reactions of the two enzymes are different and thus that a selective compound targeting one (fungal) but not the other (mammalian) has the potential for antifungal effects without affecting the host cells. Accordingly, specific and safe fungal GCS inhibitors could be produced to prevent or treat a fungal infection.
An alternative therapeutic strategy would be to directly target the fungal GSL. There are peptides produced by plants and insects, called defensins, that interact with fungal GlcCer's and lead to the killing of fungi in vitro (91) . Additionally, antiGlcCer antibodies have antifungal effects in vitro when added to fungal cells (77) . Since GlcCer is required for C. neoformans to leave the lung, it is reasonable to hypothesize that administration of an anti-GlcCer antibody could prevent or hinder the development of cryptococcosis. This is potentially relevant for other fungal infections due to the relatively conserved structures of fungal GlcCer. VOL. 6, 2007 MINIREVIEWS 1723 on September 7, 2017 by guest http://ec.asm.org/
POTENTIAL FOR COMBINATION THERAPY
Alternative therapeutic strategies are critical due to general trends of pathogen resistance to drugs in modern medicine. One solution to this problem is to combine various therapies to achieve additive or synergistic effects. For instance, the administration of a Gcs1 inhibitor and/or an antibody targeting GlcCer in combination with a current antifungal agent could potentiate the effect of both. Interestingly, because of the specific function of GlcCer in promoting extracellular replication, other drug combinations may be contemplated. In addition to growing extracellularly (e.g., alveolar spaces, bloodstream), many facultatively intracellular fungi (including C. neoformans) survive and grow intracellularly within the phagolysosome of macrophages. Although an anti-GlcCer antibody treatment could be effective in reducing fungal replication in the extracellular environment, it would most likely not be able to affect the intracellular fungal component. If fungal cells, however, were forced to remain in the extracellular space, it is envisioned that an anti-GlcCer antibody could be more effective. Such a scenario could be possible by administering an antimalarial drug in combination with an anti-GlcCer antibody. Antimalarial drugs, such as chloroquine, promote extrusion of fungal cells from the intracellular to the extracellular compartment (2) because they alkalinize the phagolysosome (52, 53) . Thus, treatment with an antimalarial drug would force C. neoformans cells to exist extracellularly and would make them accessible to an anti-GlcCer antibody. Importantly, the implementation of such a combination therapy (an antimalarial plus an anti-GlcCer antibody or compound) will be extremely useful in certain regions, such as Africa, where the same patients are exposed to both malaria and C. neoformans.
The need for more effective and tolerable therapies for cryptococcosis is apparent. By examining nontraditional fungal pathways such as sphingolipid synthesis, scientists and clinicians can find a rich reservoir of targets and new potential strategies for the next generation of antifungal and anticryptococcal drugs. GSLs such as GlcCer represent an exciting new direction for therapy and diagnosis due to their crucial role in pathogenesis and their well-documented interactions with the host immune system.
